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=0.06σ∈Hydro + Jet 
=0.3σ∈Hydro + Jet 
Hydro + Jet dE/dx = 0.2
Hydro
 L-S 10%0piPHENIX 
 L-G 10%0piPHENIX 
=0.0σ∈
FIG. 1: Comparison of 
0
spectra from hydro + jet with the
energy loss parameter  = 0:06 GeV fm
2
(solid line), hydro
+ jet with  = 0:3 GeV fm
2
(dashed line), and hydro only
(dotted line) for b = 3:35 fm to the PHENIX data [7] for
centrality of 10%. The result of hydro + jet for dE=dx = 0:2
GeV/fm calculation is shown in open squares.
higher order corrections. We chose K = 2 to t the UA1
data of pp at
p
s = 200 GeV [26]. In order to convert
hard partons into hadrons, we use an independent frag-
mentation model using PYTHIA after hydro simulations.
We have checked that this hadronization model provides
good agreement with the transverse spectra of charged
hadrons above p
T
= 1 GeV/c in pp data [26].
The number of hard partons is assumed to scale with
the number of hard scattering which is estimated by
using Woods-Saxon nuclear density. This assumption




= 130 GeV [9]. The space coordinate of a parton
in longitudinal direction is taken to be 
s
= Y , where

s
= (1=2) log[(t + z)=(t   z)], and Y is a momentum
rapidity. The transverse coordinate of a parton is spec-
ied by the number of binary collision distribution for
two Woods-Saxon distributions. Most hard partons are
produced with the formation time of  1=p
T
assuming
the uncertainty relation. Since the initial time of the hy-
drodynamical simulation is 
0
= 0:6 fm/c, partons are
assumed to travel freely up to 
0
. We neglect the nu-
clear shadowing eect in the present work for simplicity,
because it is small at high transverse momentum [8, 12].
We assume that the form of energy loss is simply
dE
dx
= (; r); (5)
where  is an energy loss per scattering and  is a
parton-parton cross section. From a hydrodynamic sim-
ulation, we obtain the space-time evolution of temper-
ature T (; r). A parton density (; r) in the QGP
phase is calculated from T (; r). For the mixed phase
 (GeV/c)Tp
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 L-G 60-80%0piPHENIX 
=0.06σ∈
FIG. 2: Comparison of 
0
spectra from hydro + jet (solid line)
and hydro only (dotted line) with the energy loss parameter
 = 0:06 GeV fm
2
and b = 12:1 fm to the PHENIX data [7]
for peripheral collision (60-80%).
at T = T
c





where the fraction of the QGP phase in the mixed phase
f
QGP
(; r) is calculated from energy density "(; r) and
















We assume that the energy loss for a quark jet is half
of the energy loss of a gluon [27]. In the present work,
we neglect the possible space-time variation of parton-
parton cross section and regard the product  as an
adjustable free parameter in the model. Feedback of the
energy to uid elements is ignored, because we use the
relatively small values of energy loss parameter used in
the work.
In Fig. 1, the transverse momentum distributions of




= 130 GeV fromPHENIX experiment [7] are com-
pared to the results of the hydro + jet model with dif-
ferent energy loss parameters  = 0, 0.06 and 0.3 GeV
fm
2
together with the hydro result by dotted line. In the
calculation, we choose the impact parameter b = 3:35
fm for 0{10% central events. The corresponding num-
ber of binary collisions is N
binary
= 906. In order to
connect the contribution from jets and a uid smoothly,
low p
T
pions from jets are cut by a switch function
f1 + tanh[3(p
T




by choosing  = 0:06 GeV fm
2
, while
the result which is not taken into account a energy loss
overestimates the neutral pion spectrum. The hydro +
jet result for dE=dx = 0:2 GeV/fm which is obtained
by neglecting the density dependence in Eq. (5) is also
shown in Fig. 1. We note that the hydro + jet result for
3  (fm/c)τ










































FIG. 3: Maximum (circles) and average parton density
(squares) as a function of proper time at impact parameter
b = 3:35 fm (upper) and b = 12:1 fm (lower).
 = 0:3 GeV fm
2
is reproduced by the constant energy
loss of dE=dx = 1:0 GeV/fm. As shown in Fig. 2, 
0
spectra for peripheral (60-80%) Au + Au collisions [7]
can be reproduced only by changing the impact param-
eter to b = 12:1 fm (N
binary
= 20) and leaving the other
parameters. The hydro + jet result in peripheral colli-
sions does not change when energy loss is not included,
because the parton density and the volume of the QGP
phase are small. On the other hand, the hydro + jet
model overpredicts the data without energy loss in the
central collisions. The deviation from data in the trans-
verse momentumrange below 1.5 GeV/c in the peripheral
collisions might be reasonable, because we do not expect
that local thermalization is achieved in such a peripheral
collision and that hydrodynamics is reliable.
Let us now turn to the study of the dynamical eects
on the jet energy loss. The maximum and the average
thermalized parton densities at 
s
= 0 from hydrody-
namic simulations are plotted as a function of proper
  (fm/c)τ



















 = 5 GeV/cTp
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= 5 GeV/c as a function of proper




time in the collision of impact parameter b = 3:35 (12:1)
fm in upper (lower) panel of Fig. 3. As seen in the g-
ures, thermalized parton density drops rapidly due to the
strong longitudinal expansion of the system produced in
heavy ion collisions. We expect that jets are likely to loss
their energies in the time span of less than   2 fm/c.
In order to see when jets lose their energies, we plot in





= 5 GeV/c. It is found that about 90% of jet quench-
ing occurs up to   2 fm/c, although the QGP phase
exists up to   4 fm/c and the mixed phase lasts until
  10 fm/c within the hydro parameters used in this
work. This holds true, even when we take the total den-
sity neglecting the existence of the hadrons in the mixed
phase in Eq. (5) in order to get the maximum energy
loss. Therefore, within our model, only QGP phase is
responsible for the jet energy loss.
We showed in Fig. 1 the energy loss dE=dx = 0:2
GeV/fm gives the same amount of energy loss as the
energy loss parameter  = 0:06 GeV fm
2
. Let us es-
timate a space-time averaged energy loss parameter for
central collision (b = 3:35 fm). If we take a space-time
average parton density ( ), (  1.0 fm/c) = 11 fm
 3
,
(  2.0 fm/c) = 7:7 fm
 3
, and (  3.0 fm/c) = 6:0
fm
 3
, then the space-time averaged energy loss yields
dE=dx(  1.0 fm/c)  0:66 GeV/fm, dE=dx( 
2.0 fm/c)  0:46 GeV/fm, and dE=dx(  3.0 fm/c) 
0:36 GeV/fm with the best t parameter of  = 0:06
GeV fm
2
. Those values are close to that of the result
calculated by the pQCD parton model [8], in which the
eect of expansion is not included. The reason is that
the energy loss parameter can be regarded as an average
of roughly a short time of   2 fm/c.
In summary, we proposed the full 3D hydrodynamical
model combined with (mini-) jets, where jets are explic-
4itly propagated in space-time with the hydro simulation.
In particular, this model allows us to study the dynamical
eects on the jet energy loss. We estimated the energy
loss of partons by the uid elements whose temperature
is above the critical value T
c
. It is found that energy loss
of jets occurs in the pure QGP phase of  < 2 fm/c and
that the contribution of energy loss in the mixed phase
is negligible under the assumption of the energy loss for-
mula Eq. (5). This indicates that suppression of hadronic
high p
T
spectra contain information about the early stage
of partonic matter. However, it has been shown that the
formula for the energy loss has non-trivial energy depen-
dence [5, 6] and it is found that energy loss is sensitive to
the critical point [28]. It is very important to take into
account the coherent (Landau-Pomeranchuk-Migdal) ef-
fect in the calculation of radiation spectrum. A result
obtained by using a dierent energy loss formula will be
presented elsewhere.
A prediction at higher transverse momentum region
is under progress. Elliptic ow parameter should be
also studied within the model. It should be studied
the charged particle spectra in order to have the uni-
ed understanding of the jet quenching mechanism in
the medium.
In this study, we do not include the energy loss eects
before hydrodynamical evolution. It might be interesting
to study to what extent partons lose energy before ther-
malization using non-equilibrium models [11, 29]. Be-
cause parton density is maximum in this stage, energy
loss by these partons should be important.
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